Facile solution-phase synthesis of γ-Mn3O4 hierarchical structures by Wu, Zhengcui et al.
Page 1 of 9
(page number not for citation purposes)
Chemistry Central Journal
Open Access Research article
Facile solution-phase synthesis of γ-Mn3O4 hierarchical structures
Zhengcui Wu1,2, Kuai Yu1, Yaobin Huang1, Cheng Pan1 and Yi Xie*1
Address: 1Department of Nanomaterials and Nanochemistry, Hefei National Laboratory for Physical Sciences at Microscale, University of Science 
and Technology of China, Hefei 230026, P. R. China and 2Anhui Key Laboratory of Functional Molecular Solids, College of Chemistry and 
Materials Science, Anhui Normal University, Wuhu 241000, P. R. China
Email: Zhengcui Wu - zcwu@mail.ustc.edu.cn; Kuai Yu - zcwu@mail.ustc.edu.cn; Yaobin Huang - zcwu@mail.ustc.edu.cn; 
Cheng Pan - zcwu@mail.ustc.edu.cn; Yi Xie* - yxie@ustc.edu.cn
* Corresponding author    
Abstract
Background: A lot of effort has been focused on the integration of nanorods/nanowire as building
blocks into three-dimensional (3D) complex superstructures. But, the development of simple and
effective methods for creating novel assemblies of self-supported patterns of hierarchical
architectures to designed materials using a suitable chemical method is important to technology
and remains an attractive, but elusive goal.
Results: The hierarchical structure of Mn3O4 with radiated spherulitic nanorods was prepared via
a simple solution-based coordinated route in the presence of macrocycle polyamine, hexamethyl-
1,4,8,11-tetraazacyclotetradeca-4,11-diene (CT) with the assistance of thiourea as an additive.
Conclusion: This approach opens a new and facile route for the morphogenesis of Mn3O4 material
and it might be extended as a novel synthetic method for the synthesis of other inorganic
semiconducting nanomaterials such as metal chalcogenide semiconductors with novel morphology
and complex form, since it has been shown that thiourea can be used as an effective additive and
the number of such water-soluble macrocyclic polyamines also makes it possible to provide various
kinds of ligands for different metals in homogeneous water system.
Background
Recently, a lot of effort has been focused on the integra-
tion of nanorods/nanowire as building blocks into three-
dimensional (3D) complex superstructures. There are a
variety of methods for different materials to construct 3D
superstructures, among which hierarchical α-MnO2, ZnO,
CaCO3 nanostructures, penniform BaWO4 nanostructures
and dandelion-like CuO nanostructures have been suc-
cessfully prepared [1-5]. These results not only provide
feasible ways to assemble 1D nanostructures for future
microscale functional devices but also offer opportunities
to explore their novel collective properties.
Considerable research has focused on trimanganese
tetroxide due to its catalytic and soft magnetic properties
in recent years. It has been used as a catalyst for several
processes, e.g., the oxidation of methane and carbon
monoxide [6,7], the decomposition of nitrogenoxides [8],
the selective reduction of nitrobenzene [9], and the cata-
lytic combustion of organic compounds at temperatures
of 373–773 K [10]. Mn3O4 is often synthesized by the
high-temperature calcinations of manganese powders or
manganese oxides with a higher valence of manganese,
hydroxides, and hydroxyoxides, or oxysalts of manganese
[11-14]. Using carbonaceous polysaccharide micro-
spheres as templates, Mn3O4 hollow spheres were also
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prepared [15]. Other solution-based methods based on
the oxidation of the Mn(II) compound or the reduction of
KMnO4 have also been employed to prepare Mn3O4 nan-
oparticles or nanorods [16-26]. Colloidal Mn3O4 mono-
disperse nanoparticles or nanorods were also prepared
from thermal decomposition of precursor [Mn(acac)]2
(acac = acetylacetonate) in oleylamine, thermolysis of
Mn(HCOO)2 in oleylamine, or thermally induced crystal
growth processes from MnCl2  in oleic acid and
oleylamine under argon atmosphere [27-29]. The devel-
opment of simple and effective methods for creating
novel assemblies of self-supported patterns of hierarchical
architectures to designed materials using a suitable chem-
ical method is important to technology and remains an
attractive, but elusive goal.
Macrocyclic polyamine, a kind of cyclic ligand that can
completely enclose metal ions, is usually of interest to
chemists from a synthetic viewpoint or for its structure
and coordination with metallic ions. Considering the
strong coordination ability of macrocyclic polyamines
with many metallic ions, the number of such compounds
and their convenience for large-scale production, which
may be applied to control the release of metallic ions at
elevated temperature that are propitious to building com-
plex architectures of inorganic crystals, we successfully
designed and synthesized β-Ni(OH)2 flower-like pattern
using hexamethyl-1,4,8,11-tetra-azacyclotetradeca-4,11-
diene (CT), in a water system [30]. This was the first report
on the construction of inorganic nanomaterials with mac-
rocycle polyamines. This success led us to use a macrocy-
clic polyamine to direct the growth of other inorganic
crystals with novel morphologies and architectures. How-
ever, a recent study convinced us that thiourea could be
used as an additive to control the morphology of the inor-
ganic material [31]. The addition of thiourea in the
hydrolysis of K2SnO3·3H2O in an ethanol-H2O mixed
solvent system resulted in nearly 100% hollow SnO2
spheres with increased product yield and morphological
yield compared with that of the absence of thiourea,
which is very different from the commonly accepted view
that thiourea is a mild sulfur source. This interesting effect
of thiourea inspired us to synthesize other metal oxides
with complex morphologies using thiourea as an additive.
It should be pointed out that the concentration ratio of
the additive thiourea and of K2SnO3·3H2O was about 7:1
in the above-mentioned literature (with 0.1 M thiourea
and 15 mM K2SnO3·3H2O, respectively). To generalize
the morphological control of thiourea on complex mor-
phogenesis of metal oxides, herein, we added thiourea in
the synthesis of Mn3O4 hierarchical structure via a simple
solution-based coordinated route in the presence of CT,
and found that low dose of thiourea also has an important
effect on the morphological control. A new example for
the morphogenesis of hierarchical structure of Mn3O4
with radiated spherulitic nanorods in the presence of CT
with the assistance of thiourea as an additive will be dem-
onstrated in this paper. The products display an elegant
morphology resembling a thorny sphere, which is rarely
reported for Mn3O4, providing us another opportunity for
exploring the properties dependent on their morpholo-
gies.
Results and Discussion
The crystal structure and phase composition of Mn3O4
products were first characterized using X-ray powder dif-
fraction (XRD). Figure 1 displays a representative XRD
pattern of the as-prepared Mn3O4  samples, suggesting
their high crystallinity. The diffraction peaks can be read-
ily indexed to the tetragonal phase of γ-Mn3O4 with lattice
parameters of a = 5.749 Å and c = 9.432 Å which are con-
sistent with the standard values (JCPDS Card, No. 80-
0382).
The submicrometer-sized hierarchical structures of
Mn3O4 were successfully synthesized on a large scale, as
revealed in Figure 2a where a panoramic Field Emission
Scanning Electron Microscope (FESEM) image of the
product is displayed, revealing that the sample consisted
of radiated spherulitic nanorods with yield of nearly
100% in the diameter about 400 nm. The magnified
FESEM image (Figure 2b) showed that nanorods with uni-
form diameters around 30 nm were fixed on the surfaces
of the spheres, and they were densely packed and radiated
spherulitic. The morphology and structure of the products
are further detected by Transmission Electron Microscopy
(TEM) and Selected Area Electron Diffraction (SAED). Fig-
ure 2c shows the representative TEM image of the Mn3O4
hierarchical structures, which further confirmed the prod-
ucts were radiated spherulitic nanorods. Figure 2d shows
the corresponding SAED pattern, which also demon-
strates the tetragonal structure of Mn3O4.
Figure 3 shows Fourier Transform Infrared (FTIR) Spec-
trum of the as-prepared γ-Mn3O4 products, displaying a
notable resemblance to those of Mn3O4 obtained in previ-
ous studies [32,12]. In the region from 650 to 500 cm-1 of
the observed spectrum, two absorption peaks were
observed at 609 and 503 cm-1, which may be associated
with the coupling modes between the Mn-O stretching
modes of tetrahedral and octahedral sites. In the region
from 500 to 400 cm-1, the absorption peak at 430 cm-1 was
assigned as the band-stretching mode of the octahedral
sites; the displacement of the Mn2+ ions in tetrahedral sites
was negligible. Therefore, the FTIR spectra further confirm
the formation of Mn3O4 products.
The as-prepared product of γ-Mn3O4 was further exam-
ined using Electron Spin Resonance (ESR). Since ESR can
be used to detect paramagnetically isolated species andChemistry Central Journal 2007, 1:8 http://journal.chemistrycentral.com/content/1/1/8
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give information about the coordination of isolated sites,
it can be used to detect Mn2+ and Mn4+. Theoretically,
Mn3O4 contains Mn4+ (calculated as 39–40% MnO2) with
the rest of the Mn as Mn2+. Therefore, the ESR should con-
tain the signals for both Mn2+ and Mn4+. Figure 4 shows
the ESR spectrum of the sample, demonstrating a similar
result with the literature [12]. A typical signal of Mn2+ with
a scarcely resolved hyperfine structure accompanied by
poignant signal of Mn4+ can be seen, which corroborates
the valences of Mn in the sample.
To understand the formation mechanism of our Mn3O4
products, the experiment was repeated without thiourea
in the reaction system and with other parameters being
the same. The product formed was polyhedron Mn3O4
nanoparticles as shown in Figure 5a (see Figure S1a for the
corresponding XRD pattern in additional file 1), there-
fore, the formation of Mn3O4 radiated spherulitic nano-
rods with yield of nearly 100% is obviously a result of the
addition of thiourea. To further make clear the role of
thiourea, urea was used instead in the synthetic mixtures
with other parameters remaining the same. Only sparse
hollow spheres accompanied by abundant irregular parti-
cles were obtained as shown in Figure 5b (see Figure S1b
for the XRD pattern in additional file 1), indicating that
the addition of urea did not result in the formation of uni-
form γ-Mn3O4 nanostructures. This is different from the
above-mentioned literature in that the added urea also
improved the product yield and morphological yield of
hollow SnO2 spheres [31]. This confirmed that low doses
of thiourea could play a decisive and exclusive role in the
formation of Mn3O4 hierarchical structure.
The possible chemical reaction in the solution can be
described as follows. At the beginning of reaction, Mn2+
cations were released slowly from the complex of Mn2+-
CT at elevated temperature, that is to say, on this alkales-
cent and heating condition, the Mn(CT)2+ is unstable and
the following reactions occur:
Mn(CT)2+ → Mn2++CT
6Mn2++O2+12OH- → 2Mn3O4+6H2O
2H2O 2OH-
N N
N
H+
H+
H H
N
+
N N
N
H
H
N
+ (CT)
XRD pattern of the as-prepared Mn3O4 spheres with radiated spherulitic nanorods Figure 1
XRD pattern of the as-prepared Mn3O4 spheres with radiated spherulitic nanorods. The diffraction peaks can be indexed to 
tetragonal phase of γ-Mn3O4, indicating the high crystallinity.Chemistry Central Journal 2007, 1:8 http://journal.chemistrycentral.com/content/1/1/8
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It can be reasonably assumed that the release of S2- ions
from the decomposition of thiourea in the initial reaction
stage remarkably affects the nucleation and subsequently
growth processes on γ-Mn3O4 products. This is a compet-
itive reaction between the formation of MnS and Mn3O4
at elevated temperature in our reaction system and the for-
mation of Mn3O4 had larger tendency than that of MnS in
the presence of abundant alkalescent macrocyclic
polyamine. However, the presence of S2- anions decreased
the formation and growth speed of Mn3O4 seeds, which
was in favor of the formation of uniform hierarchical
products. By contrast, the addition of urea quickened the
hydrolyzation of Mn2+ that sped up the nucleation and
growth process of Mn3O4, resulting in irregular particles.
The slow formation and growth of Mn3O4 in competition
with S2- ions at the expense of destroying the coordination
between Mn2+ and CT was favorable for the formation of
hierarchical structure. Here, the coordination of CT with
Mn2+ and subsequent absorption of CT on Mn3O4 seeds
cannot be overlooked on the morphology formation of
the product. Being a cyclic ligand that can completely
enclose metal ions, it is well known that tetradentate mac-
rocyclic ligands coordinate in a square planar fashion,
which significantly affects the growth of Mn3O4 hierarchi-
cal structure. As mentioned above, Mn3O4 seeds gradually
formed in competition with S2- ions at the expense of
Typical FESEM images and TEM images of the γ-Mn3O4 spheres with radiated spherulitic nanorods Figure 2
Typical FESEM images and TEM images of the γ-Mn3O4 spheres with radiated spherulitic nanorods. a: FESEM image at a low 
magnification, indicating that the γ-Mn3O4 spheres can be fabricated on a large scale. b: FESEM image at a high magnification, 
revealing the nanorods were fixed on the surfaces of the spheres. c: TEM image of the γ-Mn3O4 radiated spherulitic nanorods. 
d: The corresponding SAED pattern of the γ-Mn3O4 products.Chemistry Central Journal 2007, 1:8 http://journal.chemistrycentral.com/content/1/1/8
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FTIR spectrum of as-prepared Mn3O4 radiated spherulitic nanorods Figure 3
FTIR spectrum of as-prepared Mn3O4 radiated spherulitic nanorods.
ESR spectrum of the Mn3O4 radiated spherulitic nanorods Figure 4
ESR spectrum of the Mn3O4 radiated spherulitic nanorods.Chemistry Central Journal 2007, 1:8 http://journal.chemistrycentral.com/content/1/1/8
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destroying the coordination between Mn2+ and CT, in the
subsequent growth step, since the release of S2-  ions
reduced the growth speed of the product, the role of CT
gradually became dominant. The coordination of tet-
radentate macrocyclic ligands in a square planar fashion
and subsequent selective absorption on Mn3O4 seeds led
to the growth of the particles in an oriented direction, thus
forming the final hierarchical structure.
The reaction temperature and the concentration of the
reactants on the morphology of the γ-Mn3O4 products
were also investigated. Kinetics theory implies that tem-
perature greatly influences the rate of hydrolysis, nuclea-
tion as well as on the growth processes. The temperature
effect is apparent by comparing Figure 6a and Figure 6b.
The product synthesized at 180°C mostly consists of
spheres with shorter nanorods on their surfaces (Figure
6a), while those prepared at 240°C showed many dis-
torted and mutually joined spheres (Figure 6b), which
may be partly due to the magnetism of the products at
high temperature. Similar spontaneous aggregation and
assembly phenomena were also observed on other mag-
netic materials [33,34]. When the amount of
MnSO4·H2O was increased to 0.126 g and that of thiou-
rea increased correspondingly while maintaining a con-
stant reaction temperature of 210°C, the morphologies of
Mn3O4 showed a mixture of core-shell and hollow spheres
as shown in Figure 6c (see Figure S1c for the XRD patterns
in additional file 1). When the amount of MnSO4·H2O
was further increased to 0.21 g with a correspondingly
increase in that of thiourea at 210°C, the product had sev-
eral morphologies including core-shell, hollow spheres
and a small quantity of polyhedron, shown in Figure 6d
(see Figure S1d for the XRD patterns in additional file 1).
The formation of core-shell and hollow spheres is rarely
reported relating to Mn3O4 and may be due to the typical
inside-out Ostwald ripening effect [31,35]. The existence
of polyhedron in Figure 6d may be attributed to the differ-
ent nucleation processes in higher concentration of reac-
tants. When the mass of CT varied from 4.0 g to 6.7 g
while keeping MnSO4·H2O and thiourea constant at
0.084 g and 0.040 g, the morphology of γ-Mn3O4 varied
from the mixture of core-shell and hollow spheres to
small flocky solid spheres as shown in Figure 6e and Fig-
ure 6f, respectively. The result of decreasing the concentra-
tion of CT (Figure 6e) was similar to that of increasing
concentration of MnSO4·H2O and thiourea (shown in
Figure 6c), which confirmed that the concentration of the
reactants was an important factor to the morphology for-
mation of the final products. As the concentration of CT
increased enough, the absorption of CT on the seeds of
the Mn3O4 products was more complete, which would
TEM or FESEM images of γ-Mn3O4 products obtained under different reaction conditions Figure 5
TEM or FESEM images of γ-Mn3O4 products obtained under different reaction conditions. a. FESEM image of 0.084 g 
MnSO4·H2O and 5.0 g CT at 210°C without thiourea. b. TEM image of 0.084 g MnSO4·H2O and 5.0 g CT at 210°C with 0.039 
g urea.Chemistry Central Journal 2007, 1:8 http://journal.chemistrycentral.com/content/1/1/8
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restrain the growth of the nanorods, leading to small
flocky spheres. The formation of γ-Mn3O4 architectures
relates to the experimental parameters as well as thermo-
dynamics and kinetics control on the reaction and interac-
tion between metal salts, CT and thiourea, which are well
known factors influencing crystal growth. The kinetics is
modulated by adjusting the temperature and the concen-
tration of reagents, which control the hydrolysis rate and
ratio, thus controlling the nucleation and growth proc-
esses. The above experimental results suggest that it is pos-
sible to control and tune the shape of γ-Mn3O4
nanostructures by controlling the kinetic parameters of
the reaction process, that is, the reaction temperature and
the concentration of reactants.
It is easily supposed that macrocycle polyamine metal
complexes control the release speed of Mn2+ ions and sub-
sequently affect the nucleation and growth process of the
product together with thiourea. At elevated temperature,
S2- anions were also released from the decomposition of
CS(NH2)2, however, MnS was not formed in the existence
of abundant alkalescent macrocycle polyamine. As an
additive, thiourea played an important role on the shape
control of γ-Mn3O4, which still needed more detailed and
systematic work to provide evidence to make clear the pre-
cise functions of thoiurea in the hierarchical Mn3O4 mate-
rials. However, the synergistic effect of macrocycle
polyamine and thiourea on the shape control of γ-Mn3O4
nanostructures was proved.
TEM or FESEM images of γ-Mn3O4 products obtained under different reaction conditions Figure 6
TEM or FESEM images of γ-Mn3O4 products obtained under different reaction conditions. a. TEM image of 0.084 g 
MnSO4·H2O, 5.0 g CT and 0.040 g thiourea at 180°C. b. TEM image of 0.084 g MnSO4·H2O, 5.0 g CT and 0.040 g thiourea at 
240°C. c. FESEM image of 5.0 g CT, 0.126 g MnSO4·H2O and correspondingly varied thiourea at 210°C. The inset in Figure 6c 
was the corresponding TEM image. d. TEM image of 5.0 g CT, 0.21 g MnSO4·H2O and correspondingly varied thiourea at 
210°C. e. TEM image of 0.084 g MnSO4·H2O, 0.040 g thiourea and 4.0 g CT at 210°C. f. TEM image of 0.084 g MnSO4·H2O, 
0.040 g thiourea and 6.7 g CT at 210°C.Chemistry Central Journal 2007, 1:8 http://journal.chemistrycentral.com/content/1/1/8
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Conclusion
In conclusion, γ-Mn3O4 hierarchical nanostructures com-
posed of radiated spherulitic nanorods, core-shell and
hollow spheres have been successfully prepared in high
yield using a macrocycle polyamine as metal ion ligand
and alkalescent source with the assistance of thiourea as
an additive in a water system. This approach opens a new
and facile route for the morphogenesis of Mn3O4 material
and it might be extended as a novel synthetic method for
the synthesis of other inorganic semiconducting nanoma-
terials such as metal chalcogenide semiconductors with
novel morphology and complex form, since it has been
shown that thiourea can be used as an effective additive
and the number of such water-soluble macrocyclic
polyamines also makes it possible to provide various
kinds of ligands for different metals in homogeneous
water system.
Experimental
All chemicals were analytic grade purity and used as
received without further purification. The macrocyclic
polyamine, hexamethyl-1,4,8,11-tetra- azacyclotetradeca-
4,11-diene (CT) was synthesized using methanol, ethyl-
ene diamine anhydrous, hydrobromic acid and acetone as
reactants according to the literature [36]. Then, in a typical
synthesis, 0.084 g MnSO4·H2O was put in a beaker, and
40 mL distilled water was added, then 5.0 g CT was added
into the beaker under stirring. Finally, 0.040 g CS(NH2)2
was added. The mixture was stirred for a further 15 min-
utes, then the transparent solution was put in a 50 mL
Teflon-sealed autoclave and maintained at 210°C for 6 h.
The brown fluffy product floating on the solution was col-
lected by centrifugation of the mixture, washed three
times with distilled water and ethanol, and finally dried in
a vacuum at 50°C for 10 h.
The structure of the samples obtained was characterized
with the XRD pattern, which was recorded on a Rigaku
Dmax diffraction system using a Cu Kα source (λ =
1.54187 Å). The scanning electron microscopy (SEM)
images were taken with a JEOL-JSM-6700F field emission
scanning electron microscope (FESEM, 15 kV). Transmis-
sion electron microscopy (TEM) images and the corre-
sponding selected area electron diffraction (SAED)
patterns were obtained with Hitachi 800 system at 200 kV.
The Fourier transform infrared (FTIR) spectroscopic study
was carried out with a MAGNA-IR 750 (Nicolet Instru-
ment Co.) at room temperature with the sample in a KBr
medium. The electron spin resonance (ESR) spectrum was
recorded using a Bruker model ER-200D-SRC with the
microwave frequency of 9.067 GHz at room temperature.
Authors' contributions
This work was prepared in the research group of Professor
Dr. YX. ZCW participated in the design and presiding the
experiments and drafted the manuscript. KY carried out
the TEM characterization and participated in the discus-
sion of the manuscript. YBH and CP participated in the
experiments. This project was based on the idea and real-
ized under the guidance and consultation of Professor Dr.
YX.
Additional material
Acknowledgements
This work was financially supported by the National Natural Science Foun-
dation of China (No. 20621061) and the state key project of fundamental 
research for nanomaterials and nanostructures (2005CB623601).
References
1. Li ZQ, Ding Y, Xiong YJ, Yang Q, Xie Y: One-step solution-based
catalytic route to fabricate novel α-MnO2 hierarchical struc-
tures on a large scale.  Chem Commum 2005, 7:918-920.
2. Gao SY, Zhang HJ, Wang XM, Deng RP, Sun DH, Zheng GL: ZnO-
based hollow microspheres: Biopolymer-assisted assemblies
from ZnO nanorods.  J Phys Chem B 2006, 110:15847-15852.
3. Xu AW, Antonietti M, Cölfen H, Fang YP: Uniform hexagonal
plates of vaterite CaCO3 mesocrystals formed by biomi-
metic mineralization.  Adv Funct Mater 2006, 16:903-908.
4. Shi HT, Qi LM, Ma JM, Cheng HM: Polymer-directed synthesis of
penniform BaWO4 nanostructures in reverse micelles.  J Am
Chem Soc 2003, 125:3450-3451.
5. Liu B, Zeng HC: Mesoscale organization of CuO nanoribbons:
Formation of "dandelions".  J Am Chem Soc 2004, 126:8124-8125.
6. Moggridge GD, Rayment T, Lambert RM: An in situ XRD investi-
gation of singly and doubly promoted manganese oxide
methane coupling catalysts.  J Catal 1992, 134:242-252.
7. Stobhe ER, Boer BAD, Deus JW: The reduction and oxidation
behaviour of manganese oxides.  Catal Today 1999, 47:161-167.
8. Yamashita T, Vannice A: NO Decomposition over Mn2O3 and
Mn3O4.  J Catal 1996, 163:158-168.
9. Wang WM, Yang YN, Zhang JY: Selective reduction of nitroben-
zene to nitrosobenzene over different kinds of trimanganese
tetroxide catalysts.  Appl Catal A 1995, 133:81-93.
10. Baldi M, Finocchio E, Milella F, Busca G: Catalytic combustion of
C3 hydrocarbons and oxygenates over Mn3O4.  Appl Catal B
1998, 16:43-51.
11. Chang YQ, Xu XY, Luo XH, Chen CP, Yu DP: Synthesis and char-
acterization of Mn3O4  nanoparticles.  J Cryst Growth 2004,
264:232-236.
12. Du J, Gao YQ, Chai LL, Zou GF, Li Y, Qian YT: Hausmannite
Mn3O4 nanorods: synthesis, characterization and magnetic
properties.  Nanotechnology 2006, 17:4923-4928.
13. Wang WZ, Xu CK, Wang GH, Liu YK, Zheng CL: Preparation of
Smooth Single-Crystal Mn3O4 Nanowires.  Adv Mater 2002,
14:837-840.
14. Al Sagheer FA, Hasan MA, Pasupulety L, Zaki MI: Low-temperature
synthesis of Hausmannite Mn3O4.  J Mater Sci Lett 1999,
18:209-211.
15. Sun XM, Liu JF, Li YD: Use of Carbonaceous Polysaccharide
Microspheres as Templates for Fabricating Metal Oxide Hol-
low Spheres.  Chem Eur J 2006, 12:2039-2047.
16. Feldmann C: Polyol-mediated synthesis of nanoscale func-
tional materials.  Adv Funct Mater 2003, 13:101-107.
Additional file 1
Additional file 1 for the XRD patterns of the Mn3O4 products synthesized 
at different reaction condition.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1752-
153X-1-8-S1.doc]Chemistry Central Journal 2007, 1:8 http://journal.chemistrycentral.com/content/1/1/8
Page 9 of 9
(page number not for citation purposes)
Open access provides opportunities to our 
colleagues in other parts of the globe, by allowing 
anyone to view the content free of charge.
Publish with ChemistryCentral and every
scientist can read your work free of charge
W. Jeffery Hurst, The Hershey Company.
available free of charge to the entire scientific community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours     you keep the copyright
Submit your manuscript here:
http://www.chemistrycentral.com/manuscript/
17. Yang LX, Zhu YJ, Tong H, Wang WW, Cheng GF: Low tempera-
ture synthesis of Mn3O4 polyhedral nanocrystals and mag-
netic study.  J Solid State Chem 2006, 179:1225-1229.
18. Apte SK, Naik SD, Sonawane RS, Kale BB, Pavaskar N, Mandale AB,
Das BK: Nanosize Mn3O4 (Hausmannite) by microwave irra-
diation method.  Materials Research Bulletin 2006, 41:647-654.
19. Vázquez-olmos A, Redón R, Fernández-osorio AL, Saniger JM:
Room-temperature synthesis of Mn3O4 nanorods.  Appl Phys A
2005, 81:1131-1134.
20. Lei SJ, Tang KB, Fang Z, Zheng HG: Ultrasonic-Assisted Synthesis
of Colloidal Mn3O4 Nanoparticles at Normal Temperature
and Pressure.  Crystal Growth & Design 2006, 6:1757-1760.
21. Chen ZW, Lai JKL, Shek CH: Nucleation site and mechanism
leading to growth of bulk-quantity Mn3O4 nanorods.  Appli Phys
Lett 2005, 86:181911.
22. Hu Y, Chen JF, Xue X, Li TW: Synthesis of monodispersed sin-
gle-crystal compass-shaped Mn3O4 via gamma-ray irradia-
tion.  Materials Letters 2006, 60:383-385.
23. Zhang WX, Yang ZH, Liu Y, Tang SP, Han XZ, Chen M: Controlled
synthesis of Mn3O4 nanocrystallites and MnOOH nanorods
by a solvothermal method.  J Cryst Growth 2004, 263:394-399.
24. Yang BJ, Hu HM, Li C, Yang XG, Li QW, Qian YT: One-step Route
to Single-crystal γ-Mn3O4 Nanorods in Alcohol-Water Sys-
tem.  Chem Lett 2004, 33:804-805.
25. Zhang YC, Qiao T, Hu XY: Preparation of Mn3O4 nanocrystal-
lites by low-temperature solvothermal treatment of γ-
MnOOH nanowires.  J Solid State Chem 2004, 177:4093-4097.
26. Zhang WX, Wang C, Zhang XM, Xie Y, Qian YT: Low tempera-
ture synthesis of nanocrystalline Mn3O4 by a solvothermal
method.  Solid State Ionics 1999, 117:331-335.
27. Seo WS, Jo HH, Lee K, Kim B, Oh SJ, Park JT: Size-dependent
magnetic properties of colloidal Mn3O4 and MnO nanoparti-
cles.  Angew Chem Int Ed 2004, 43:1115-1117.
28. Sun X, Zhang YW, Si R, Yan CH: Metal (Mn, Co, and Cu) oxide
nanocrystals from simple formate precursors.  Small 2005,
1:1081-1086.
29. Seo JW, Jun YW, Ko SJ, Cheon J: In situ one-pot synthesis of 1-
dimensional transition metal oxide nanocrystals.  J Phys Chem
B 2005, 109:5389-5391.
30. Wu ZC, Zhu X, Pan C, Yao ZY, Xie Y: Synthesis and Character-
ization of β-Ni(OH)2 Flower-like Patterns.  Chinese J Inorg Chem
2006, 22:1371-1374.
31. Lou XW, Wang Y, Yuan CL, Lee JY, Archer LA: Template-free syn-
thesis of SnO2 hollow nanostructures with high lithium stor-
age capacity.  Adv Mater 2006, 18:2325-2329.
32. Ishii M, Nakahira M, Yamanaka T: Infrared absorption spectra
and cation distributions in (Mn, Fe)3O4.  Solid State Commun
1972, 11:209-212.
33. Ni XM, Zhao QB, Zhang DE, Zhang XJ, Zheng HG: Novel Hierar-
chical Nanostructures of Nickel: Self-Assembly of Hexagonal
Nanoplatelets.  J Phys Chem C 2007, 111:601-605.
34. Puntes VF, Zanchet D, Erdonmez CK, Alivisatos AP: Synthesis of
hcp-Co nanodisks.  J Am Chem Soc 2002, 124:12874-12880.
35. Yang HG, Zeng HC: Preparation of hollow anatase TiO2 nano-
spheres via Ostwald ripening.  J Phys Chem B 2004,
108:3492-3495.
36. Hay RW, Lawrance GA, Curtis NF: A Convenient Synthesis of
the Tetra-aza-macrocyclic Ligands trans-[14]-Diene, Tet a,
and Tet b.  J Chem Soc Perkin Trans 1 1975, 6:591-593.